r Satellite cell depletion does not affect diaphragm adaptations to voluntary wheel running in young or aged mice.
Introduction
The diaphragm is arguably the most vital skeletal muscle. Distinct from other skeletal muscles, the diaphragm is primarily controlled involuntarily and is activated constantly to drive ventilation. To sustain this high level of activity, the diaphragm possesses a more oxidative and fatigue-resistant fibre type profile than locomotor skeletal muscles. Apart from these differences, the diaphragm is similar to all other skeletal muscles in that it may contract voluntarily (e.g. breath holding, deliberate hyperventilation, coughing) and can be subject to ageing-induced functional impairment (Gosselin et al. 1994; Tolep et al. 1995; Criswell et al. 1997 Criswell et al. , 2003a Polkey et al. 1997; Greising et al. 2013) . Moreover, inactivity compounds ageing-induced diaphragm dysfunction; aged diaphragm lacks the functional 'reserve' to recover from brief (12 h) mechanical ventilation (Criswell et al. 2003b) . Failure of the diaphragm to contract normally results in decreased performance and, depending on the severity of dysfunction, could result in respiratory complications, a reduced quality of life, an inability to perform airway-clearing manoeuvers and death.
Satellite cells (Pax7+) are the predominant stem cell population in skeletal muscle. These cells are indispensible for regeneration following muscle injury (Lepper et al. 2011; McCarthy et al. 2011; Murphy et al. 2011; Sambasivan et al. 2011) and are suggested to be responsible for myonuclear replacement and accretion (Stockdale & Holtzer, 1961; Moss & Leblond, 1970; Moss & Leblond, 1971; Schiaffino et al. 1972; Carlson, 1973) . Surprisingly, satellite cell depletion during adulthood in conditional Pax7 knockout mice does not exacerbate sarcopenia in locomotor skeletal muscles Keefe et al. 2015) , nor does it impair adaptations to wheel-run training . However, the diaphragm experiences a greater satellite cell contribution to muscle fibres than hind limb muscles throughout the lifespan in sedentary mice (Keefe et al. 2015; Pawlikowski et al. 2015) . These data suggest a high rate of myonuclear replacement and homeostatic remodelling in the diaphragm.
Insight into the contribution of satellite cells to diaphragm myofibres has only been acquired from sedentary, cage-dwelling mice under completely unstressed conditions (Keefe et al. 2015; Pawlikowski et al. 2015) . There is no information regarding how satellite cell-depleted diaphragm muscle responds to common physiological stress. The present study aimed to challenge the diaphragm with prolonged voluntary wheel running activity in the presence and absence of satellite cells in young and old mice. Utilizing the inducible Pax7
CreER -R26R DTA model, we treated mice at 4 months of age with vehicle (Veh) or tamoxifen (Tam), and then allowed them to run voluntarily at 6 or 22 months of age. We hypothesized that satellite cell depletion via Tam-induced recombination before 2 months of running would negatively impact diaphragm adaptations to 2 months of running and cause an exacerbated effect in aged mice. By contrast to our hypothesis, we generally found that satellite cell depletion did not negatively impact quantitative or qualitative diaphragm adaptations to running in young or aged mice. However, Pax3 mRNA+ cell density was higher in the absence of satellite cells, indicating a potential compensatory mechanism for the loss of satellite cells in diaphragm muscle.
Methods

Ethical approval
All animal procedures were conducted in accordance with institutional guidelines for the care and use of laboratory animals and were approved by the Institutional Animal Care and Use Committee of the University of Kentucky, which operates under the guidelines of the Animal Welfare Act and the US Public Health Service Policy on the Humane Care and Use of Laboratory Animals. Mice were housed in a temperature and humidity-controlled room and maintained under a 14:10 h light/dark cycle with food and water ad libitum. Animals were killed via a lethal dosage of sodium pentobarbital (150 mg kg −1 ) injected I.P., followed by cervical dislocation.
Animal model
The Pax7-DTA (Diptheria toxin A) mouse is a genetic mouse model that allows for conditional and specific depletion of Pax7-expressing cells (satellite cells) upon Tam administration. The Pax7-DTA mouse was generated by crossing the Pax7 CreER/CreER to the Rosa26 DTA/DTA , as described previously (McCarthy et al. 2011) .
Experimental design
A diagram depicting the detailed animal protocol is shown in Fig. 1A . Adult female Pax7-DTA mice (4 months of age, n = 9-12 per group) received either an I.P. injection of Tam at a dose of 2.5 mg day −1 for five consecutive days, or were injected with a Veh control (15% ethanol in sunflower seed oil) as described previously . A washout period of at least 8 weeks followed the injections. At 6 (young) and 22 (aged) months of age, Vehor Tam-treated mice were singly housed and randomly divided into two groups: sedentary or wheel running. The running wheels were connected to a mechanical counter that recorded wheel rotations using ClockLab software (Actimetrics, Wilmette, IL, USA). The software analysed running speed (km h −1 ), total distance run (km day −1 ) and total time run (h day −1 ). The animals had access to food and water ad libitum and were checked daily for health and wellness. Following an 8 week running period, the animals were killed and their diaphragm muscles were dissected, processed and stored at −80°C for further analyses, as described below.
Immunohistochemistry and image analysis
Immunohistochemical procedures were performed in accordance with previously published protocols (McCarthy et al. 2011; Fry et al. 2014a; Jackson et al. 2015) . Diaphragm muscle was pinned to a cork block at resting length, covered with a thin layer of Tissue Tek OCT compound (Sakura Finetek, Torrance, CA, USA) and then quickly frozen in liquid nitrogen-cooled isopentane and stored at -80°C until sectioning. Frozen muscles were sectioned at -23°C (8 µm), air-dried and stored at -20°C. For Pax7 staining, sections were fixed in 4% paraformaldehyde (PFA), followed by epitope retrieval using sodium citrate (10 mM, pH 6.5) at 92°C. For both Pax7 and dystrophin staining, endogenous peroxidase activity was blocked with 3% hydrogen peroxide in PBS, followed by an additional blocking step with 1% Tyramide Signal Amplification (TSA) blocking reagent (TSA kit, T20935; Invitrogen, Carlsbad, CA, USA) and Mouse-on-Mouse blocking reagent (Vector Laboratories, Burlingame, CA, USA). Pax7 primary antibody (dilution 1:100; Developmental Studies Hybridoma Bank, Iowa City, IA, USA) or dystrophin primary antibody (dilution 1:100, VPD505; Vector Laboratories) were diluted in 1% TSA blocking buffer and applied overnight. Samples were then incubated with anti-mouse biotin-conjugated secondary antibody (dilution 1:1000, 115-065-205; Jackson ImmunoResearch, West Grove, PA, USA), followed by streptavidin-HRP (dilution 1:500, S-911; Invitrogen). TSA AlexaFluor 488 (dystrophin) or 594 (Pax7) was used to visualize F, satellite cell density in young sedentary (n = 7 Veh, n = 7 Tam) and running (n = 7 Veh, n = 10 Tam) mice. G, satellite cell density in aged sedentary (n = 10 Veh, n = 12 Tam) and running (n = 9 Veh, n = 11 Tam) mice. Values are minimum, first quartile, median, third quartile and maximum; # main effect for age; * main effect for satellite cell depletion (P < 0.05). 595.19 antibody-binding. Sections were mounted and nuclei were stained with Vectashield Antifade mounting media with 4 ,6-diaminidino-2-phenylindole (DAPI) (H1200; Vector Laboratories). Images were captured at 20× magnification at room temperature using an upright fluorescence microscope (AxioImager M1; Zeiss, Oberkochen, Germany). Satellite cells identified as Pax7+/DAPI+ were counted by a blinded trained technician and normalized to fibre number to determine satellite cell density. Fibre borders were traced manually by a blinded trained technician to quantify fibre cross-sectional area (CSA). Myonuclear number from at least 50 fibres (Mackey et al. 2009 ) was counted by a blinded technician as DAPI+ nuclei within the dystrophin border (Fry et al. 2014a ) and expressed per average fibre CSA. Extracellular matrix content was measured by detection of N-acetyl-D-glucosamine using Texas Red-conjugated wheat germ agglutinin (WGA) (dilution 1:50, W21405; Invitrogen). Sections were fixed in 4% PFA, then incubated with WGA conjugate and images were captured at 20× magnification. Staining was quantified using the thresholding feature in AxioVision Rel software (Zeiss). The area occupied by WGA was expressed relative to muscle fibre number. To evaluate fibre-type distribution, antibodies specific to myosin heavy chains type I, IIa and IIx, along with laminin, were applied. Frozen sections were incubated overnight with isotype specific anti-mouse secondary antibodies for MyHC I (dilution 1:75, IgG2B, BA.D5), MyHC IIa (neat, IgG1, SC.71) and MyHC IIx (neat, IgM, 6H1) from the Developmental Studies Hybridoma Bank, along with laminin (dilution 1:100, L9393; Sigma-Aldrich, St Louis, MO, USA). Sections were then incubated with secondary antibodies (dilution 1:250, goat anti-mouse IgG2b Alexa fluor 647, #A21242; dilution 1:500, IgG1 Alexa fluor 488, #A21121; dilution 1:250, IgM Alexa fluor 555, #A21426; all from Invitrogen), all diluted in PBS, along with the secondary antibody for laminin (dilution 1:150, IgG AMCA, CI-1000; Vector Laboratories). Sections were mounted with VectaShield (H1000; Vector Laboratories) and images were captured at 20× magnification. Fibre type distribution was quantified manually by a blinded trained technician as percentage MyHC I, IIa, IIx and IIb (no staining).
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Single muscle fibre myonuclear analysis
After careful removal of a section of costal diaphragm, diaphragm muscle was left on the ribs, pinned down and fixed at resting length in 4% PFA for 48 h. Single fibres were isolated using a method described previously (Brack et al. 2005; McCarthy et al. 2011) . Briefly, following a 2 h 40% NaOH digestion, single fibres were mechanically teased apart, strained and washed with PBS before being stained with DAPI (dilution 1:10,000 in PBS, D35471; Invitrogen) for myonuclear visualization, with the assumption that most satellite cells were dissociated from the muscle fibres during the isolation steps. Nuclei that appeared to be loosely associated with the muscle fibre were not counted. Suspended fibres were dispersed onto a slide and mounted with Vectashield fluorescence mounting media (Vector Laboratories). Images were captured as z-stacks at 20× magnification, and all fibres and nuclear measurements were made using AxioVision Rel software. Twenty fibres from each animal were measured by a blinded trained technician to determine the number of myonuclei per defined fibre segment.
Fluorescence in situ hybridization (FISH) for Pax3 determination
High-fidelity antibodies for Pax3 protein identification on frozen muscle cross-sections are not readily available.
To detect Pax3 cells in the diaphragm, we modified a version of the Stellaris RNA FISH protocol from Biosearch Technologies (Petaluma, CA, USA), using Stellaris RNA FISH Hybridization Buffer and Stellaris RNA FISH Wash Buffer A. RNA FISH probes were designed by Integrated DNA Technologies (Coralville, IA, USA) and labelled with a biotin tag. Diaphragm muscle was sectioned (8 µm) and immediately fixed and stored in 100% ethanol at -20°C. Slides were rinsed and any RNases were inactivated by incubating in 0.1% (v/v) diethyl pyrocarbonate. This step also increases the sensitivity of the mRNA detection (Zimmerman et al. 2013) . Samples were immersed in 4% PFA, washed in PBS and then incubated in Wash Buffer A for 5 min. Probes were added to the Hybrizidation Buffer to a concentration of 625 nM and then incubated on the slides for 5 h at 37°C in a humidified chamber. Following incubation with probes, samples were washed in Wash Buffer A and then incubated with streptavidin-HRP (Invitrogen). TSA AlexaFluor 594 (dilution 1:100; Invitrogen) was used to visualize staining. Sections were mounted and nuclei stained using Vectashield Antifade mounting media with DAPI (Vector Laboratories). The probes used were Pax3-1728, Pax3-3130 and NC (a negative control scramble probe):
Pax3-1728 /5Biosg/mUmAmUmAmGmGmUmGmGmGmGmGm GmAmCmAmAmUmAmG 3130 /5Biosg/mCmCmUmCmUmAmCmAmUmCmAmUm AmCmCmCmUmUmCmC NC (negative control) /5Biosg/mGmCmGmAmCmUmAmUmAmCmGmCm GmCmAmAmUmAmUmG Pax3+ cells were identified as Pax3+/DAPI+ and were expressed per muscle fibre number. 
Ultrasound analysis of in vivo diaphragm function in conscious mice
Ultrasound was performed in a blinded fashion on mice when they were awake and held in an upright position. Although these measures may not produce a true 'resting' value because there was a probable adrenergic response from handling, this approach is more translatable than conducting these measures when the mouse was anaesthetized. The day before the scan, abdominal hair was removed with depilatory cream (NairTM Church & Dwight Co., Trenton, NJ, USA). The probe with ultrasonic gel was placed on the abdomen close to the xyphoid process pointing upward for diaphragm visualization using the VisualSonics Vevo R 2100 Imaging System with MS-400 scan head (FujiFilm VisualSonics Inc., Toronto, ON, Canada) at 38 MHz. M-mode images were captured of 10-50 respiratory cycles. Of those, 10-20 cycles were measured for breath rate, breath depth, and inspiration and expiration velocity.
Statistical analysis
Data were analysed with SigmaPlot software (Systat Software, San Jose, CA, USA). Data were checked for normality and those that were not normally distributed underwent a log transformation. Parametric analyses were used for all measures. To include all mice in the analysis, three-way ANOVAs were used to determine main effects for age, followed by a two-way ANOVA to test for effect of satellite cell depletion and running activity. If a significant effect or interaction was detected, an appropriate post hoc analysis was employed to determine the source of the significance. P ࣘ 0.05 was considered statistically significant. Normally distributed data are reported as the mean ± SE, and non-normally distributed data are presented as minimum, first quartile, median, third quartile and maximum.
Results
Diaphragm satellite cell density is affected by age but not by running
Satellite cell density in the diaphragm is decreased with age, such that, in ambulatory Veh-treated controls, there was a 48% decrease in the aged (main effect for age, P < 0.05) (Fig. 1B-G) . Consistent with previous findings in hindlimb muscles, satellite cell density was reduced by ࣙ 90% with Tam administration in both young and aged mice and also remained depleted even after 18 months (McCarthy et al. 2011; Jackson et al. 2012 Jackson et al. , 2015 Fry et al. 2014a Fry et al. , 2015 Lee et al. 2015; Kirby et al. 2016; Murach et al. 2017 ). Regardless of Veh or Tam treatment, satellite cell density did not change with running in young or old mice (Fig. 1B-G) .
Running capacity is reduced with age and satellite cell depletion
Running speed (km h −1 ), time (h day −1 ) and distance (km day −1 ) were reduced in aged vs. young mice (P < 0.05) ( Table 1) . Consistent with previous findings from our laboratory , satellite cell depletion negatively impacted running capacity in young mice, such that running time and distance were 16% and 30% lower, respectively, in satellite cell-depleted mice (Table 1) . This effect was also present in aged mice, where running time and distance were 26% and 23% lower, respectively, in satellite cell-depleted mice (P < 0.05) ( Table 1) . We showed previously that reduced running is not attributable to a toxic effect of Tam and/or Cre expression since Tam-treated parental strain mice demonstrated normal running activity .
Myonuclear density is unaffected by age and running but is reduced in aged satellite cell-depleted diaphragm
Myonuclear density in isolated diaphragm single fibres (nuclei per fibre length) was not different between young and aged diaphragm (Fig. 2) , indicating that myonuclear density is not decreased with age in diaphragm. Satellite cell depletion or running did not change myonuclear density measured on single fibres in young mice ( Fig. 2A) . Myonuclear density on single fibres was slightly lower in aged Tam-treated mice (-7% in ambulatory and -19% in runners), which was a consequence of the modest increase in myonuclear density observed with running in Veh-treated mice (+14%, P < 0.05) (Fig. 2B) . Myonuclei per area measured on histological cross-sections was not J Physiol 595.19 different between young and aged but did increase with running in young mice (P < 0.05), which can probably be attributed to the fast-to-slow fibre type transition and the prevalence of smaller MyHC I fibres (Fig. 2C) . Myonuclei per area did not change with satellite cell depletion or running in aged mice (Fig. 2D) .
Running-induced changes in diaphragm muscle are not affected by satellite cell depletion Diaphragm muscle fibre CSA was not different between young and aged (Fig. 3) . In young mice, muscle fibre CSA was reduced by running (-11% and -16% in Veh and Tam mice, respectively, P < 0.05), although satellite cell depletion did not induce a difference (Fig. 3A) . Running did not change fibre CSA in aged mice, nor did satellite cell depletion affect CSA in aged mice (Fig. 3B) . Reduced muscle fibre CSA in young runners was probably accounted for by a fast-to-slower fibre type transition; the percentage of MHC IIx was decreased in young runners, whereas MyHC I proportion increased (P < 0.05) (Fig. 4A) . A comparatively less-pronounced fast-to-slower fibre type transition was observed in aged runners, such that MyHC IIx was reduced and MyHC IIa was higher (P < 0.05) (Fig. 4B ). Satellite cell depletion had no effect on fibre type distribution in young compared to aged sedentary mice and changes in fibre type in response to running were not affected by satellite cell depletion ( Fig. 4A and B) . A representative immunohistochemistry image visualizing MyHC I, IIa and IIx is shown in Fig. 4C . Because the proportion of pure MyHC IIB was < 1% in all diaphragm muscles, these fibres were not included in the analysis.
Extracellular matrix is not affected by age, satellite cell depletion or running
We did not observe differences in extracellular matrix content between young and aged in the diaphragm ( Fig. 5A and B) , in contrast to what we have reported A, single muscle fibre myonuclear density in young sedentary (n = 7 Veh, n = 6 Tam) and running (n = 8 Veh, n = 7 Tam) mice. B, single muscle fibre myonuclear density in aged sedentary (n = 7 Veh, n = 7 Tam) and running (n = 8 Veh, n = 9 Tam) mice. C, myonuclei per area from histological cross-sections in young sedentary (n = 4 Veh, n = 5 Tam) and running (n = 4 Veh, n = 4 Tam) mice. D, myonuclei per area from histological cross-sections in aged sedentary (n = 4 Veh, n = 5 Tam) and running (n = 4 Veh, n = 5 Tam) mice. Values are the mean ± SE; * main effect for satellite cell depletion (P < 0.05); †main effect for running (P < 0.05).
in hindlimb muscles Lee et al. 2015) . In addition, neither satellite cell depletion, nor running affected extracellular matrix content in young and aged mice.
In vivo diaphragm function is affected by running but not by satellite cell depletion or age
To address diaphragm function in the conscious mouse, we used ultrasound imaging as shown on a representative tracing (Fig. 6A) . No age-related differences were observed in breath depth (Fig. 6B) , breathing rate, inspiration velocity or expiration velocity (Table 2 ). Breath depth was increased by running in young (35%) and aged (23%) mice (P < 0.05) ( Fig. 6B and C) and satellite cell depletion did not affect this increase (P < 0.05) ( Fig. 6B and C) . Breathing rate, inspiration velocity and expiration velocity were not affected by running or satellite cell depletion in young or old mice (P > 0.05) ( Table 2 ).
Pax3 mRNA+ cells are elevated in satellite cell-depleted diaphragms
To investigate whether another stem cell type in the diaphragm is affected by satellite cell depletion, we measured the density of Pax3 mRNA+ cells using FISH (Fig. 7A) . We utilized two probe sets to detect Pax3: a general probe that identified all Pax3 transcripts (probe 1728) and one that included a miR-206 binding site in the 3 untranslated region (UTR) of the Pax3 mRNA that is not present in the diaphragm (probe 3130) (Boutet et al. 2012) . Pax3 mRNA, as detected by probe 1728, is presumably not targeted for degradation by miR-206 in the diaphragm and is most probably translated into functional protein. Probe 1728 was readily detectable in the diaphragm (Fig. 7A) , whereas NC probe ( Fig. 7B) and probe 3130 (not shown) were not observed in the diaphragm. Probe 1728 was also observed in the liver (positive control) (Fig. 7C ) (Tsukamoto et al. 1994 ) but did not appear in the spleen (negative control) (Fig. 7D) . The number of Pax3 mRNA+ cells (probe 1728) was not different between young and aged ( Fig. 7E and F) . However, Pax3 mRNA+ cells increased in young and aged satellite cell-depleted mice regardless of running status (P < 0.05) (Fig. 7E and F) , suggesting that these cells may compensate for the loss of Pax7+ cells.
Discussion
The primary objective of the present study was to determine whether satellite cell depletion affects diaphragm adaptations to voluntary wheel running in young and aged mice. Because the diaphragm is the most active skeletal muscle, we hypothesized that satellite cell depletion would negatively impact diaphragm function and morphology when subjected to a physiological stressor, and that aged mice would suffer greater impairments than young mice. By contrast to our hypothesis, satellite cell depletion did not negatively affect functional or morphological adaptations to running in young or aged mice. Prolonged satellite cell depletion also did not affect muscle fibre size or fibrosis with ageing in the diaphragm. Interestingly, Pax3 mRNA+ cells increased in the absence of satellite cells in both young and aged sedentary and running mice. These findings challenge the presumed necessity of Pax7+ satellite cells for diaphragm maintenance in stressed and aged conditions and also provide insight into a potential compensatory mechanism for the loss of satellite cells. Consistent with that reported previously in locomotor skeletal muscles utilizing the Pax7
CreER -R26R DTA mouse model (McCarthy et al. 2011; Jackson et al. 2012 Jackson et al. , 2015  and running (n = 7, n = 10) mice. B, muscle fibre CSA in aged sedentary (n = 7 Veh, n = 9 Tam) and running (n = 9 Veh, n = 10 Tam) mice. Values are the mean ± SE; †main effect for running (P < 0.05). 11.1 ± 0.9 8.8 ± 1.0 10.0 ± 0.7 10.8 ± 4.0 10.1 ± 0.7 10.7 ± 1.3 9.4 ± 0.9 11.2 ± 0.9
Expiration velocity (mm s −1 )
12.1 ± 1.3 10.1 ± 1.1 10.3 ± 0.9 12.7 ± 2.3 10.9 ± 1.3 11.2 ± 1.5 11.0 ± 1.8 12.9 ± 1.6 n = 3-7 per group. Fry et al. 2014a Fry et al. , 2015 Fry et al. , 2017 Lee et al. 2015; Kirby et al. 2016; Murach et al. 2017) , we achieved > 90% satellite cell depletion in the diaphragm after Tam administration. As expected, satellite cell depletion reduced running capacity in both young and aged mice. Muscle spindle morphology and function is impaired in limb skeletal muscles in the absence of satellite cells, subsequently resulting in decreased coordination and reduced running performance . Satellite cell depletion in young and aged mice had no effect on diaphragm muscle fibre size, MyHC type distribution, extracellular matrix content or resting/nominally stressed in vivo functional adaptations to running. Although we cannot preclude that satellite cell depletion affects diaphragm function when running, or that the difference in running activity influenced the findings, we propose that reduced running performance following satellite cell depletion is primarily mediated by perturbations to intrafusal fibres in limb skeletal muscles, and not diaphragm dysfunction . Satellite cell-mediated adaptations to running were not highly anticipated, even in satellite cell-replete mice (i.e. increased Pax7+ cell number, myonuclear density or fibre size); however, it was still unexpected that diaphragm adaptation to running without satellite cells was uncompromised. Two laboratories agree that the diaphragm experiences a relatively high degree of satellite cell contribution to muscle fibres in sedentary cage-dwelling mice, although there are discrepancies in the observed frequency (Keefe et al. 2015; Pawlikowski et al. 2015) . Pawlikowski et al. (2015) report 80% of diaphragm muscle fibres experience a satellite cell fusion event during a 2 week chase period in reporter mice (relative to 20% in hindlimb muscles). Keefe et al. (2015) report that 18% of diaphragm fibres experience satellite cell fusion after a 6 month chase, although labelling continues at the highest rate in diaphragm relative to other skeletal muscles as age progresses. The diaphragm is constantly activated to drive ventilation and, congruent with the notion that muscle oxidative potential may impact the requirement for satellite cells during remodelling (Bagley, 2014; Fry et al. 2014b; Murach et al. 2016) , the findings of Keefe et al. (2015) and Pawlikowski et al. (2015) suggest that the highly oxidative diaphragm muscle undergoes frequent satellite cell-mediated myonuclear turnover to maintain homeostasis. This interpretation is not consistent with our finding that, regardless of running, young mice do not lose myonuclei with more than 2 months of satellite cell depletion in the presence of maintained fibre size. On the other hand, aged sedentary and running mice did experience slight but significant reductions in myonuclear density following 20 months of satellite cell depletion (-7% and -19% in isolated single muscle fibres, respectively, with similar albeit not statistically significant trends on cross-sections) without myofibre atrophy. It is conceivable that fewer myonuclei in aged diaphragms may cause dysfunction in very old age (> 24 months), which may be addressed in future investigations. To reconcile the disconnect between reporter mouse and satellite cell-depleted mouse observations, we hypothesized that another stem cell population may compensate to maintain diaphragm myonuclear density in the absence of satellite cells.
Pax3 is a transcription factor expressed in the dorsal neural tube and somite of the developing embryo, and is a paralogue to Pax7 (Kuang et al. 2006; Relaix et al. 2006) . Quiescent Pax3+ satellite cells are generally not prominent in limb skeletal muscles, although they are more abundant in the diaphragm (Montarras et al. 2005; Relaix et al. 2006) . As a result of alternative polyadenylation processing, Pax3 transcript in the diaphragm contains a truncated 3 UTR that lacks a miR-206 binding site. Without this binding site, Pax3 protein is expressed preferentially in the diaphragm muscles (Boutet et al. 2012; Pasut & Rudnicki, 2012 Keefe et al. 2015) or 20-24 months of age Keefe et al. 2015) in limb skeletal muscles of mice. These recent findings challenge the pervasive belief that satellite cell attrition and/or dysfunction during ageing mediates sarcopenia (Conboy et al. 2005; Shefer et al. 2006; Snijders et al. 2009 ). Only one investigation has explored the effects of satellite cell depletion during aging in the diaphragm (Keefe et al. 2015) . At 20 months of age, lifelong satellite cell-depleted diaphragm muscles resemble those that aged with a full complement of satellite cells (Keefe et al. 2015) . Our findings extend the work of Keefe et al. (2015) : more prolonged satellite cell depletion (20 vs. 14 months) into older age (24 vs. 20 months) with or without running does not cause muscle fibre atrophy or an otherwise abnormal diaphragm phenotype, despite modest reductions in myonuclear density. Our findings are also consistent with those of Keefe et al. (2015) regarding the general effects of age on the diaphragm. Satellite cell number in Veh-treated mice declined, whereas fibre size and and fibre type distribution were largely unaffected. By contrast to what is observed in limb skeletal muscles , pronounced extracellular matrix deposition does not manifest in the ageing diaphragm, nor is fibrosis exacerbated by the loss of satellite cells. In concert with maintained muscle fibre size, a lack of fibrosis may explain preserved resting in vivo diaphragm function with ageing. Because Pax7+ satellite cells play a central role in regulating extracellular matrix remodelling (Murphy et al. 2011; Fry et al. 2014a Fry et al. , 2015 Fry et al. , 2017 Liu et al. 2015; Southard et al. 2016) , it is attractive to speculate that the increased prevalence of Pax3 mRNA+ cells in the satellite cell-depleted diaphragm may account for the lack of fibrosis in aged mice. It is also conceivable that constant activity in the diaphragm throughout the lifespan is somehow protective against fibrotic deposition regardless of the presence of satellite cells. Collectively, these data suggest that the ageing process is distinct in the diaphragm. In summary, satellite cells are not imperative to globally maintain diaphragm quantitative or qualitative characteristics in response to running and/or ageing. We report a modest reduction in myonuclear density in aged mice following satellite cell depletion, although this did not result in diaphragm muscle fibre atrophy or impaired in vivo function at rest. An increased prevalence of Pax3 mRNA+ cells in the diaphragm of young and old satellite cell-depleted mice may compensate for the loss of Pax7+ satellite cells, although more work is negative control); scale bars = 20 µm. E, Pax3+ cell density in young sedentary (n = 6 Veh, n = 6 Tam) and running (n = 5 Veh, n = 8 Tam) mice. F, Pax3+ cell density in mature sedentary (n = 6 Veh, n = 7 Tam) and running (n = 6 Veh, n = 7 Tam) mice. Values are the mean ± SE; * main effect for satellite cell depletion (P < 0.05). 595.19 needed to define the role of Pax3+ cells in the diaphragm. The findings reported in the present study challenge our original hypothesis but highlight that the unique structure and function of the diaphragm may require adaptive mechanisms that are not present in other skeletal muscles.
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